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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
Quenching and tempering (Q&T) and shot peening (SP) processes are commonly applied in parts manufacturing industries for 
improving mechanical properties of steel. In this study, the results of experiments of both treatments of 51CrV4 steel were 
presented. The impact on the fatigue strength, surface roughness and mechanical properties were compared. The specimens were 
quenched to 860oC for 2.15 min and next tempered to 480oC for 15 min. The experimental studies showed that these methods 
visibly increased the fatigue strength limit, for Q&T by about 5.3 % and for SP by about 1.5 %. Mechanical properties were also 
better in comparison to specimens without treatment, especially in the case of steel after Q&T. 
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1. Introduction 
One of the most important contemporary machine part manufacturing problems is meeting the growing durability 
and reliability requirements (Nakonieczny et al., 2004). A vancem nts in new design solutions have increased the 
demands regarding materials and the methods used to improve the properties of materials used thus far. The key 
factors affecting the durability of finished products are their surface structure as well as physical and chemical 
properties of surface layers. As a result, there is a great demand for the development of new metal working 
technologies as well as surface property modification methods. Through the application of various technological 
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processes, these properties can be modified. These can include processes like dynamic burnishing and heat 
treatment. 
One of the methods of dynamic surface strengthening is shot peening (Nakonieczny, 2002). Improving the 
practical properties, such as fatigue strength, of shot peened part is caused by the generation of compressive residual 
stresses in the surface layer (Tekeli, 2002; Torres et al., 2002), which are caused primarily by the plastic 
deformation of the surface layers, temperature increase, and structural change (Nakonieczny, 2002).Compressive 
residual stresses cause an increase in fatigue strength, counteract cracking caused by friction corrosion, erosion, or 
cavitation (Metal Improvement Company, 2005). Cold working through the use of a distributed stream of shots, due 
to the resulting effects, has found a wide variety of applications in industry. A large variety of engineering materials 
are subjected to this type of cold working including: spring steel (Nakonieczny et al., 2004; Śledź et al., 2015; 
Tekeli et al. 2002), structural steel (Vielma et al., 2014; Śledź et al., 2015), titanium alloys (Zaleski, 2009), and 
aluminum alloys (Trško et al., 2014; Benedetti et al., 2004). Shot peening  is used, with great success, to improve 
material properties, namely the fatigue strength of parts with geometric notches as well as structural and surface 
defects that are a result of previous technological operations (Czarnecki et al., 2014). 
Another process that improves the mechanical as well as physical and chemical properties of steel is heat 
treatment. One of the types of heat treatment is quenching and tempering (Q&T). The resulting changes, in this case, 
are caused primarily by temperature changes and time (Babu, 2007). Quenching and tempering are the most 
commonly used operations in the manufacturing of machine parts that directly affect the durability and strength of 
the final product (Fragoudakis et al., 2013; Llaneza et al., 2015). 
In the automotive and machine industries, many parts that are susceptible to fatigue are made of spring steel. This 
article focuses on 51CrV4 chromium-vanadium spring steel with good hardenability, which is also used to make the 
sieve screen that works due to parametric resonance (Śledź et al., 2015). 51CrV4 steel is used primarily in the 
manufacturing of high strength machine parts such as: gears, rods, shafts, bushings, mandrels, cams, levers, elastic 
parts, and leaf springs. The fatigue strength of spring steel parts also depends on the properties of the surface layer. 
These properties are determined during the manufacturing of parts, however they are modified during the use of a 
part (Legutko et al., 2004). Nakonieczny (2004) presents the results of a fatigue strength test of 50HS steel heat 
treated to 45-47 HRC and then shot peened with 0.6 mm diameter steel shots for 60 s at 0.45 MPa. The fatigue 
strength limit value increases up to 10.5% in comparison to specimens that were only subject to heat treatment.  
S. Tekeli (2002) tested the effect of shot peening on the fatigue strength of SAE 9245 spring steel. The specimens 
underwent heat treatment (Q&T) and then shot peened. The specimens were burnished under 0.4 MPa of pressure 
with 0.58 mm shots for 45 s at a 25A intensity. The distance of the nozzle to the work piece was 100 mm. The 
results of the research showed an observable 30% increase in fatigue strength. 
The primary purpose of this article is to determine the effect of heat treatment and shot peening on the fatigue 
strength, roughness, and mechanical properties of 51CrV4 spring steel. 
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One of the most important contemporary machine part manufacturing problems is meeting the growing durability 
and reliability requirements (Nakonieczny et al., 2004). Advancements in new design solutions have increased the 
demands regarding materials and the methods used to improve the properties of materials used thus far. The key 
factors affecting the durability of finished products are their surface structure as well as physical and chemical 
properties of surface layers. As a result, there is a great demand for the development of new metal working 
technologies as well as surface property modification methods. Through the application of various technological 
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processes, these properties can be modified. These can include processes like dynamic burnishing and heat 
treatment. 
One of the methods of dynamic surface strengthening is shot peening (Nakonieczny, 2002). Improving the 
practical properties, such as fatigue strength, of shot peened part is caused by the generation of compressive residual 
stresses in the surface layer (Tekeli, 2002; Torres et al., 2002), which are caused primarily by the plastic 
deformation of the surface layers, temperature increase, and structural change (Nakonieczny, 2002).Compressive 
residual stresses cause an increase in fatigue strength, counteract cracking caused by friction corrosion, erosion, or 
cavitation (Metal Improvement Company, 2005). Cold working through the use of a distributed stream of shots, due 
to the resulting effects, has found a wide variety of applications in industry. A large variety of engineering materials 
are subjected to this type of cold working including: spring steel (Nakonieczny et al., 2004; Śledź et al., 2015; 
Tekeli et al. 2002), structural steel (Vielma et al., 2014; Śledź et al., 2015), titanium alloys (Zaleski, 2009), and 
aluminum alloys (Trško et al., 2014; Benedetti et al., 2004). Shot peening  is used, with great success, to improve 
material properties, namely the fatigue strength of parts with geometric notches as well as structural and surface 
defects that are a result of previous technological operations (Czarnecki et al., 2014). 
Another process that improves the mechanical as well as physical and chemical properties of steel is heat 
treatment. One of the types of heat treatment is quenching and tempering (Q&T). The resulting changes, in this case, 
are caused primarily by temperature changes and time (Babu, 2007). Quenching and tempering are the most 
commonly used operations in the manufacturing of machine parts that directly affect the durability and strength of 
the final product (Fragoudakis et al., 2013; Llaneza et al., 2015). 
In the automotive and machine industries, many parts that are susceptible to fatigue are made of spring steel. This 
article focuses on 51CrV4 chromium-vanadium spring steel with good hardenability, which is also used to make the 
sieve screen that works due to parametric resonance (Śledź et al., 2015). 51CrV4 steel is used primarily in the 
manufacturing of high strength machine parts such as: gears, rods, shafts, bushings, mandrels, cams, levers, elastic 
parts, and leaf springs. The fatigue strength of spring steel parts also depends on the properties of the surface layer. 
These properties are determined during the manufacturing of parts, however they are modified during the use of a 
part (Legutko et al., 2004). Nakonieczny (2004) presents the results of a fatigue strength test of 50HS steel heat 
treated to 45-47 HRC and then shot peened with 0.6 mm diameter steel shots for 60 s at 0.45 MPa. The fatigue 
strength limit value increases up to 10.5% in comparison to specimens that were only subject to heat treatment.  
S. Tekeli (2002) tested the effect of shot peening on the fatigue strength of SAE 9245 spring steel. The specimens 
underwent heat treatment (Q&T) and then shot peened. The specimens were burnished under 0.4 MPa of pressure 
with 0.58 mm shots for 45 s at a 25A intensity. The distance of the nozzle to the work piece was 100 mm. The 
results of the research showed an observable 30% increase in fatigue strength. 
The primary purpose of this article is to determine the effect of heat treatment and shot peening on the fatigue 
strength, roughness, and mechanical properties of 51CrV4 spring steel. 
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2. Experimental procedure 
The specimens used in the experiment were 110 x 38.4 and 1 mm thick and made of 51CrV4 spring steel. The 
chemical composition of the steel is presented in Table 1. Two series of specimens were strengthened. One series 
was heat treated by quenching (heated to the temperature of 860 oC and  kept at that temperature for 2.15 min)  in 
oil, then they were tempered at 480 oC for 15 min (Q&T). A CT 125 EKM furnace was used to heat treat the 
specimens. The second series was only shot peened (SP). The specimens were SP from both sides with 2 mm 
bearing balls for 10 min under the pressure of 0.6 MPa. The nozzle was located 95 mm from the workpiece. The 
operation was done using the device presented in Fig. 1. The baseline (reference) adopted specimens cut from sheet 
metal rolled across the direction of rolling with the surface that was not mechanically worked (WT). The uniaxial 
tensile test was conducted on a Zwick/Roell Z030 testing machine. The surface roughness of specimens was 
measured using a Surtronic 25 Taylor Hobson profilometer on a 8 mm segment with three repetitions. While, the 
microhardness was tested using Vicker's hardness test with a Reicherter C. Stiefelmayer microhardness tester with a 
load equal to F=1.96 N applied for 15 s. The degree of surface layer hardening was determined using Eq. 1. The test 
was conducted with 5 repetitions.  
    
         
     
                  (1) 
 
The fatigue tests were conducted on special test stand (ETS Solution L Series MPA 102 - L620M) that enabled to 
accelerate fatigue tests at a frequency of 300 cycles/s. During testing, the specimen was mounted in a hydraulic 
handle with a constant strength of interlocking and can lead to the resonance vibrations, which appeared with a 
sudden increase in vibration amplitude of the unfixed end. The tests were conducted at three different loads for 
every sample variant. The specimen was held at resonance vibrations until cracking or gaining final number of 
cycles. For the experiment, 2x106 cycles was used as the upper limit. 
   Table 1. Chemical compositions of the 51CrV4 spring steel. 
Material 
Chemical composition % wt. 
C Mn Si S P Cr Ni V 
51CrV4 0.46-0.54 0.5-0.8 0.15- 0.40 0.03 max 0.03 max 0.8-1.1 0.4 max 0.1-0.2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Device used for pneumatic shot 
peening: 1 – work chamber, 2 – specimen, 
3 – shots, 4 – ejector nozzle, 5 – chuck, 6 – 
compressed air line, 7 – control panel. 
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3. Results 
Fig. 2 presents the surfaces of three variants of 51CrV4 steel specimens. On the surface of the shot peened 
specimen (Fig. 2c) there are visible small dimples caused by the plastic deformation of the shot impacts. When 
comparing the resulting surface roughness (Table 2.), it is evident that the maximum roughness, Ra = 2.810 µm and  
Rz = 12.8 µm, belongs to SP spring steel. After heat treatment, the Ra and Rz parameters increase 2.1 times in 
comparison to the WT specimens. 
  
Fig. 2. Photographs of 51CrV4 steel surfaces 25x zoom: (a) WT, (b) Q&T, (c) SP. 
          Table 2. Roughness profiles for 51CrV4 steel surfaces. 
Specimen 
designation Roughness profile 
 
WT 
 
 
 
     = 0.167 µm,      = 1.197 µm 
 
Q&T 
 
 
 
     = 0.353 µm,      = 2.517 µm 
 
SP 
 
 
 
      = 2.810 µm,      = 12.800 µm 
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Fig. 3 presents a comparison of the results of uniaxial tension tests for 51CrV4 specimens cut at the angle of 90o 
from the rolling surface. The experiment was conducted using three variants: WT, Q&T, and SP with 3 repetitions. 
The mechanical properties are presented in Table 3. After analyzing Fig. 3, it can be determined that the stress-strain 
curve changed after shot peening. Materials strengthened, as a result of burnishing, do not demonstrate a visible 
yield point. The greatest yield point and ultimate strength were achieved by the specimens after Q&T. The yield 
point of specimens that were heat treated increase 2.9 times in comparison to WT specimens and 3.5 times in 
comparison to the SP. The ultimate strength of the spring steel after Q&T was 2.1 times greater than the other 
variants. When analyzing the total elongation of the specimens, the largest value, equal to 24.3%, was observed for 
shot peened. This value was 77% greater than the specimens after Q&T. The mechanical properties after burnishing 
were changed insignificantly in comparison to the WT variant.  
 
 
Fig. 3. Stress-strain curves for 51CrV4 steel specimens cut out at 90o to direction of rolling. 
      Table 3. Mechanical properties of 51CrV4 steel. 
Operation Yield stress Rp0,2 [MPa] 
Ultimate strength 
Rm [MPa] 
Total elongation 
A50 [%] 
WT                     
Q&T                        
SP                       
 
The degree of hardening of the surface layer after shot peening was 22.6 %, while it was 52 % for the heat 
treatment. 
The results of the fatigue strength tests for 51CrV4 steel indicate that after burnishing the fatigue strength limit 
reached a value of ZG = 200 MPa. The maximum fatigue strength limit of ZG = 208 MPa, achieved by the heat 
treated specimens, represents a 5.3% increase in comparison to WT. Fig. 4 illustrates the fatigue strength test results 
of 51CrV4 steel. When comparing the Wöhler curves of the three variants, a positive effect of SP and Q&T on the 
fatigue life of the specimen was observed. In comparison to WT, the fatigue life of SP and Q&T variants was 45 ÷ 
86.3%. The greatest effect was achieved in the case of Q&T, where the fatigue life increased by 86.3%. When 
comparing both methods, it can be stated that 51CrV4 steel has 75% higher fatigue life after heat treatment than 
after burnishing. The effect of heat treatment or shot peening on the strength properties of the analyzed 51CrV4 steel 
is even more evident when the fatigue life of the specimens is compared at a specified stress amplitude like S = 211 
MPa. Based on this comparison, it can be observed that fatigue life: 
 for the Q&T variant increased by 7.3 times in comparison to WT (from 243000 cycles for WT to 1770000 cycles 
for Q&T); 
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 for the SP specimens increased by 1.8 times in comparison to WT (from 243000 cycles for WT to 442000 cycles 
for SP); 
 for the Q&T specimens increased by 4 times in comparison to SP specimens (from 442000 cycles for SP to 
1770000 cycles for Q&T). 
 
 
 
Fig. 4. Comparison of the S-N curves for 51CrV4 spring steel. 
4. Conclusion 
Based on the results of the experiment, it is evident that both strengthening processes, namely Q&T and SP, have 
significant effect on increasing fatigue strength 51CrV4 steel. In the case of Q&T steel, a 5.3% increase was 
observed in comparison to WT. On the other hand, a 1.5% increase was observed for SP specimens. The fatigue life 
of spring steel, after both processes,  increased between 45 ÷ 86.3 %. The Q&T specimens have the greatest ultimate 
strength and the highest yield point. While the SP specimens did not have a definite yield point. The degree of 
hardening of the Q&T specimens surface layer was 52%, however it was 22.6% after SP. The highest roughness was 
observed for shot peened 51CrV4 steel, which was most likely affected by the small dimples left from the operation. 
In conclusion, it can be stated that the mechanical properties and microhardness of 51CrV4 steel after Q&T and SP 
are closely related to fatigue strength.  
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Fig. 3 presents a comparison of the results of uniaxial tension tests for 51CrV4 specimens cut at the angle of 90o 
from the rolling surface. The experiment was conducted using three variants: WT, Q&T, and SP with 3 repetitions. 
The mechanical properties are presented in Table 3. After analyzing Fig. 3, it can be determined that the stress-strain 
curve changed after shot peening. Materials strengthened, as a result of burnishing, do not demonstrate a visible 
yield point. The greatest yield point and ultimate strength were achieved by the specimens after Q&T. The yield 
point of specimens that were heat treated increase 2.9 times in comparison to WT specimens and 3.5 times in 
comparison to the SP. The ultimate strength of the spring steel after Q&T was 2.1 times greater than the other 
variants. When analyzing the total elongation of the specimens, the largest value, equal to 24.3%, was observed for 
shot peened. This value was 77% greater than the specimens after Q&T. The mechanical properties after burnishing 
were changed insignificantly in comparison to the WT variant.  
 
 
Fig. 3. Stress-strain curves for 51CrV4 steel specimens cut out at 90o to direction of rolling. 
      Table 3. Mechanical properties of 51CrV4 steel. 
Operation Yield stress Rp0,2 [MPa] 
Ultimate strength 
Rm [MPa] 
Total elongation 
A50 [%] 
WT                     
Q&T                        
SP                       
 
The degree of hardening of the surface layer after shot peening was 22.6 %, while it was 52 % for the heat 
treatment. 
The results of the fatigue strength tests for 51CrV4 steel indicate that after burnishing the fatigue strength limit 
reached a value of ZG = 200 MPa. The maximum fatigue strength limit of ZG = 208 MPa, achieved by the heat 
treated specimens, represents a 5.3% increase in comparison to WT. Fig. 4 illustrates the fatigue strength test results 
of 51CrV4 steel. When comparing the Wöhler curves of the three variants, a positive effect of SP and Q&T on the 
fatigue life of the specimen was observed. In comparison to WT, the fatigue life of SP and Q&T variants was 45 ÷ 
86.3%. The greatest effect was achieved in the case of Q&T, where the fatigue life increased by 86.3%. When 
comparing both methods, it can be stated that 51CrV4 steel has 75% higher fatigue life after heat treatment than 
after burnishing. The effect of heat treatment or shot peening on the strength properties of the analyzed 51CrV4 steel 
is even more evident when the fatigue life of the specimens is compared at a specified stress amplitude like S = 211 
MPa. Based on this comparison, it can be observed that fatigue life: 
 for the Q&T variant increased by 7.3 times in comparison to WT (from 243000 cycles for WT to 1770000 cycles 
for Q&T); 
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 for the SP specimens increased by 1.8 times in comparison to WT (from 243000 cycles for WT to 442000 cycles 
for SP); 
 for the Q&T specimens increased by 4 times in comparison to SP specimens (from 442000 cycles for SP to 
1770000 cycles for Q&T). 
 
 
 
Fig. 4. Comparison of the S-N curves for 51CrV4 spring steel. 
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significant effect on increasing fatigue strength 51CrV4 steel. In the case of Q&T steel, a 5.3% increase was 
observed in comparison to WT. On the other hand, a 1.5% increase was observed for SP specimens. The fatigue life 
of spring steel, after both processes,  increased between 45 ÷ 86.3 %. The Q&T specimens have the greatest ultimate 
strength and the highest yield point. While the SP specimens did not have a definite yield point. The degree of 
hardening of the Q&T specimens surface layer was 52%, however it was 22.6% after SP. The highest roughness was 
observed for shot peened 51CrV4 steel, which was most likely affected by the small dimples left from the operation. 
In conclusion, it can be stated that the mechanical properties and microhardness of 51CrV4 steel after Q&T and SP 
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